Selective etching of SiO 2 over polycrystalline silicon has been studied using CHF 3 in an inductively coupled plasma reactor ͑ICP͒. Inductive powers between 200 and 1400 W, as well as pressures of 6, 10, and 20 mTorr were used in this study of the etch rate and selectivity behaviors for silicon dioxide, silicon, and passively deposited fluorocarbon films. Using in situ ellipsometry, the etch rates for all three of these materials were obtained for a self-bias voltage of Ϫ85 V, as well as passive deposition rates of fluorocarbon films. X-ray photoelectron spectroscopy has been used to examine the composition of steady-state fluorocarbon films present on the surfaces of polycrystalline silicon, and silicon dioxide during etching at high and low inductive powers. The dependence of the silicon etching behavior is shown to be clearly linked to the fluorocarbon polymerization and etching behavior. Thus, the polymerization and etching behavior of the fluorocarbon is the overwhelming parameter that governs the etch selectivity process within the ICP. Selectivities of oxide to silicon are determined to increase with the inductive power, and are found to be the highest at the intermediate pressure of 10 mTorr. While the stoichiometry of the fluorocarbon films are critical factors in determining the overall etch rate behavior, the fluorocarbon film thickness on the polycrystalline and crystalline silicon is the dominant factor in determining the SiO 2 over silicon etch selectivity. The mechanisms involved in attaining high selectivity are dominated by a defluorination of the fluorocarbon steady-state film on polycrystalline silicon, while maintaining a high ion current to the wafer.
I. INTRODUCTION
An important application of high density plasma tools is the etching of contact holes through silicon dioxide insulating films to polycrystalline or crystalline silicon underlayers. For such processes a high etch selectivity of SiO 2 to Si and resist is required for submicron dimensions with high aspect ratios.
In this study we have examined the behavior of a planar inductively coupled plasma ͑ICP͒ reactor as it relates to the selective etching of blanket samples of silicon dioxide over polycrystalline silicon using CHF 3 as our feed gas. It has been found that the operating pressure as well as the source power density are critical parameters for obtaining high etch selectivities. Analysis of the thicknesses and compositions of the respective overlying steady-state fluorocarbon films have resulted in a better understanding of the etching process in the ICP and how it relates to etch selectivity.
II. EXPERIMENTAL SYSTEM AND PROCEDURES
The ICP system used in this work has been outlined in previous publications, [1] [2] [3] [4] and its description will be limited to a brief summary. A planar induction coil is used to couple radio frequency ͑rf͒ at 13.56 MHZ into the plasma chamber through a 16-mm-thick quartz dielectric window. A gas feed ring is located just below the window along the perimeter.
An anodized aluminum magnet holder and confinement ring extends below the window down to within a few millimeters of the wafer surface. No magnets were used in the experiments reported here, therefore, the ring acted as a physical barrier for plasma confinement only. The distance between the induction coil, and the wafer surface was 7 cm for these experiments. Independent capacitively coupled rf biasing of the wafer allows for the accurate control of the ion bombardment energy. This is achieved by using a separate rf supply with a frequency of 3.4 MHz. Electrostatic clamping is used with helium gas at a pressure of 5 Torr maintained between the chuck and the wafer to insure efficient thermal contact between the wafer and the refrigerant cooled chuck.
Thin film etch and deposition rates were monitored in situ using a He-Ne rotating compensator ellipsometer configured in a polarizer-compensator-sample-analyzer structure. SiO 2 and polycrystalline silicon etch rates were obtained in a CHF 3 plasma with a 40 sccm gas flow rate and a wafer potential of Ϫ85 V; as a function of pressure and inductive power. The SiO 2 and polycrystalline silicon samples used in this study were typically 2 cmϫ2 cm large and were placed in the center of a 125 cm carrier wafer on the electrostatic chuck where the ellipsometer could probe the surfaces. In addition to SiO 2 and polycrystalline silicon etch rates, etch rates of passively deposited fluorocarbon films, i.e., the etch rate of fluorocarbon films deposited without rf bias applied to the substrate, and passive fluorocarbon deposition rates were measured. Fluorocarbon steady-state film thicknesses, as well as the thicknesses of the underlying silicon mixed or ''damaged'' layer, during the etching of crystalline silicon were also determined using in situ ellipsometry. This method has been shown to be an effective means of obtaining relatively accurate values for these thicknesses, even though assumptions are required in choosing the film refractive indices. 5 In our analysis we assumed that the refractive index of the steady-state fluorocarbon film is similar to the refractive index of the fluorocarbon material passively deposited at the identical condition. In this work, ellipsometry showed that the fluorocarbon refractive indices were typically in the range from 1.38 to 1.48. The refractive index for the mixing/ damaged silicon layer was, similar as in Ref. 3 , assumed to be 3.866-i0. 8 , as opposed to a refractive index of 3.866-i0.028 for ͑poly͒crystalline silicon. Even with these assumptions, the errors introduced in the estimated film thicknesses by the expected variations within the actual refractive index of these films are less than 5%, as the layers themselves are quite thin ͑usually 10 nm or less͒. Standaert et al. also showed that the ellipsometric layer thickness calculations using these values for the refractive indices are consistent with thicknesses obtained from x-ray photoelectron spectroscopy ͑XPS͒ surface analysis. 3 Langmuir probe measurements of the ion saturation current were taken for all the experimental parameters studied. For all the deposition and etching conditions included in this study, we have maintained the matching network tuning settings at constant values. From earlier work involving the study of the effects of the matching network tuning on silicon dioxide and silicon etch rates, we have found that the best selectivity of SiO 2 over silicon is obtained within a region of transition between capacitive and inductive coupling. We have maintained a wafer self-bias voltage of Ϫ85 V with respect to ground for all etching experiments, except where otherwise specified. As the plasma potential with respect to the grounded chamber walls is approximately ϩ30 V for the various experimental parameters within this study, the actual average direct current ͑dc͒ potential with respect to the plasma is roughly about Ϫ115 V. It has been well established that SiO 2 etching is dominated by an ion current as long as one works within the reactive sputtering regime. Our choice of Ϫ85 V is such that we are working at the low end of this regime for our ICP. The details of the fluorocarbon suppression regime for silicon dioxide etching appear in a previous publication. 2 The steady-state fluorocarbon films present on crystalline silicon during etching were examined using XPS techniques for the inductive powers of 500 and 1400 W, for all three pressure conditions. The ICP is attached to an ultrahigh vacuum chamber network that allows for the transfer of samples under vacuum to an analysis chamber where XPS analysis can be performed. In these studies we used x-ray photon energies of 1253.6 eV obtained from a magnesium target. The photoelectron binding energy spectra were obtained using a hemispherical analyzer. Survey scans were obtained with a 50 eV pass energy and specific peaks of O(1s), Si(2p), F(1s), and O(1s), were obtained with a 20 eV pass energy.
Optical emission spectra were obtained using a fiber optic cable which channels the photon emission into a spectrograph with a 147 g/mm grating blazed at 546 nm, and covering the spectrum between 250 and 850 nm. An optical multichannel analyzer ͑EG&G PARC Model 1470͒ was used to analyze the spectrum. Argon actinometry was used to obtain the information on the atomic fluorine concentration within the plasma reactor. Direct ion mass spectra were obtained using a line-of-sight mass spectrometer in order to obtain the information on the stoichiometry of the fluorinated ionic species.
III. EXPERIMENTAL RESULTS AND DISCUSSION
A. Ion saturation current behavior from Langmuir probe measurements Figure 1 shows the results obtained for the plasma ion saturation current per unit area (I sat )/A p , where (I sat ) represents the ion saturation current measured with the Langmuir probe and A p represents the probe tip surface area. We will refer to this measured parameter as ''ion current density'' ͑ICD͒. The results displayed are for the inductive powers between 200 and 1400 W for 6, 10, and 20 mTorr. The ICD increases linearly with the increasing inductive power. The pressure dependence becomes significant for the higher inductive powers. ICD decreases as a function of increasing pressure. For this reason, higher pressure conditions within this study correspond to conditions of lower ion flux at the wafer surface, when compared to lower pressures. Figure 2 shows the silicon dioxide, polycrystalline silicon, and passively deposited fluorocarbon etch rate data versus the increasing inductive power for the entire range of pro- Figure 3 shows the corresponding etch yields for the same data. Below an inductive power of 600 W, the yields are very different depending on the pressure used during processing. Above 600 W, all of the pressure conditions display yields that follow the same general trend as the inductive power is increased. This can be explained in terms of a transition in the nature of the rf power coupling mechanism as the power is increased. There are both capacitive as well as inductive components to the energy coupling mechanism in these types of plasma sources. Inductive coupling requires a high degree of ionization within the plasma. If the degree of ionization within the plasma region is not high enough, this mechanism of power transfer will be limited, and the majority of the energy will be transferred via a capacitive mechanism. Therefore, at low power, the plasma will take on the characteristics of a conventional capacitively coupled diode system, where the sheath potentials will vary over a wide range of voltages for the changing process conditions. Only when the plasma becomes highly inductively coupled will the plasma potentials be low and relatively stable for the range of the processing conditions studied. This transition from a capacitive to inductive mode of power transfer takes place as the rf power to the coupling coil is increased. The observed similarities in etch yield behavior above 600 W inductive power indicates that this ''inductive regime'' has been achieved.
B. Etch rates and etch yields versus inductive power
Thus, in terms of a detailed analysis of selectivity behavior, we will place the emphasis of our discussion on the inductive regime. Figure 2͑a͒ shows the etch rates of SiO 2 as a function of the inductive power for 6, 10, and 20 mTorr pressures and a wafer self-bias voltage of Ϫ85 V. For all conditions above the 600 W inductive power, the oxide etch rate displays a direct dependence on the ICD. Second order effects are apparent in the etch rate behavior in terms of variations in pressure. As the inductive power increases, the oxide etch rate displays a maximum at the intermediate pressure of 10 mTorr. Figure 3͑a͒ displays the oxide etch yield behavior. Although the etch rate shows a maximum at 10 mTorr ͓as seen in Fig. 2͑a͔͒ , the etch yield increases as a function of the increasing pressure for any given inductive power. In addition, even though the oxide etch rates increase with increasing inductive power, the oxide etch yields are inversely proportional to the inductive power. Thus, the efficiency of the ions in the silicon dioxide etching process decreases with the increasing inductive power, but is directly proportional to the pressure. This supports the oxide etching mechanism as being one of reactive sputtering, or direct reactive ion etching, in which the energetic ion species themselves are reacting with the oxide and producing volatile etch products. 2, 6, 7 The oxide etch rate will be directly related to the average F/C ratio of the bombarding ion flux, which increases with increasing pressure. The pressure dependence can be explained in terms of the average stoichiometry of the ion composition with respect to the increasing pressure. As the pressure within the reactor increases, less dissociation takes place due to the sharing of energy between a greater number of parent molecules. Figure 4 shows the results obtained using a Balzers PPM 422 direct positive ion mass spectrometer in the CHF 3 plasma. In this direct positive ion mass spectrometry analysis, ions from the plasma enter the mass spectrometer through a 0.5 cm diameter orifice, pass an energy selection grid, are focused by ion optics into the mass selection region, and are finally detected. It is important to notice that in this fashion no ionization occurs inside the mass spectrometer and that all the detected ions directly originate from the plasma. When averaging over the most dominantly detected fluorocarbon ions one can determine the average F/C stoichiometry of the fluorocarbon ions, see Fig. 4 . The average F/C ratio of the fluorocarbon plasma species is inversely proportional to the inductive power, and directly proportional to the pressure. When the oxide etch yields are plotted as a function of the average fluorocarbon ion F/C ratio, the result is a very direct and strong correlation between the two parameters. This is shown in Fig. 5 .
C. Silicon dioxide etching
To summarize, we have two key parameters involved in the oxide etching mechanism. The first, and most influential factor is the ion flux density at the wafer surface which is directly proportional to the ICD. The oxide etch rate is directly proportional to this parameter. The second factor is the average reactive ion stoichiometry which directly influences the etch yield. The etch yield is observed to be directly proportional to the average F/C ratio of the ion species within the plasma. The superposition of these two effects can be detected in the oxide etch rate data. The oxide etch rate curves appear to decrease in the slope as a function of increasing the inductive power. This is due to the decreasing etch yield behavior.
In a previous publication 2 it has been demonstrated that a suppression of the silicon dioxide etch rate can take place for wafer self-bias voltages below what has been used for this study. This is due to the presence of a thin steady-state fluorocarbon layer on the silicon dioxide surface during etching. By conducting these experiments at a self-bias voltage of Ϫ85 V, we are working at the low end of the reactive sputtering regime. At this self-bias voltage the steady-state film thicknesses on silicon dioxide surfaces are on the order of 0.5 nm or less. Figure 2͑b͒ shows that silicon etch rates decrease with the increasing inductive power above 600 W. Data taken at the 200 and 400 W inductive powers show the increasing trends in the etch rate with the increasing inductive power, so that the silicon etch rates pass through maxima for the intermediate inductive powers. The dependence on pressure is complex. It appears that the inductive power for which this etch rate maximum occurs is proportional to the process pressure. Thus, a ''shift'' is observed in the etch rate maximum toward the higher inductive power as the pressure increases. As discussed in Sec. III B, within the low power regime the ICP plasma appears to be highly capacitively coupled, and thus exhibits very different behaviors. Etch rates are very low at a low power as the ion density within the plasma is very low. At a low inductive power the lowest pressure yields the highest silicon etch rate, and the highest pressure yields the lowest silicon etch rate. In fact we have also observed that at 15 mTorr ͑not shown͒ the etch rate is essentially equal to zero and for 20 mTorr conditions a fluorocarbon film actually grows. Because we observe the etching of SiO 2 at these conditions, we have infinite SiO 2 /Si selectivity of here. However, the SiO 2 etch rates are too low for most applications. Thus, for the purposes of studying high selectivity with high oxide etch rates, we have focused our study on the high inductive power regime.
D. Polycrystalline silicon etching 1. Etch rates and yields
Above the 600 W inductive power, the silicon etch rates decrease from their maximum values. Only the highest pressure ͑20 mTorr͒ data still must pass through a maximum around 1000 W. Within this high density regime, the etch rate variation as a function of pressure is complex. An inter- esting feature is the fact that the observed etch rate at 10 mTorr is the lowest, whereas the highest SiO 2 etch rates are obtained at 10 mTorr. We will address this in further detail in Sec. II E when we characterize the selectivity behavior.
The polycrystalline silicon etch yield data is shown in Fig.  3͑b͒ . Here we observe that the etch yield decreases with the increasing inductive power for all processing parameters. We also note that the etch yields are the lowest for a pressure of 10 mTorr. This results in an on oxide over silicon selectivity which yields the highest values for the intermediate pressure of 10 mTorr. Figure 6 shows the oxide over silicon selectivity as a function of the inductive power for the pressures examined in this study. Significant variations in the selectivity for the variations in pressure only appear when the inductive power is high. In the low power regime, the selectivity is essentially independent of the gas pressure, and even at an inductive power of 1000 W only a slight increase in the selectivity is observed for a pressure of 10 mTorr. However, at an inductive power of 1400 W we observe that the selectivity is remarkably elevated for the intermediate pressure. In the remainder of this article we will present correlations obtained between the fluorocarbon polymer deposition and etching process, and the silicon etching process.
Steady-state film thicknesses from ellipsometry
It has been well established that the thickness of the steady-state fluorocarbon film plays a key role in the regulation of the silicon etch rate. 3, 4, [8] [9] [10] [11] Figure 7 shows the results of the three separate ellipsometry experiments conducted at a constant pressure in which a crystalline silicon wafer was etched in CHF 3 as a function of the increasing inductive power. In each experiment the inductive power was initially low, and then increased to higher values. The self-bias voltage of the wafer was maintained at Ϫ85 V for all the etching conditions. Individual pressure conditions correspond to one complete experiment. The chamber was cleaned with an oxygen plasma between each experiment, and a new HF cleaned sample was then placed in the chamber for the next pressure setting. Using the observed change in the ellipsometry angles from those corresponding to the HF cleaned crystalline silicon, the data was modeled and fit as described in the introduction.
It can be seen in the top panel of Fig. 7 that the steadystate CF x film thickness on crystalline silicon generally increases as a function of the inductive power for all the pressures within the studied range. The greatest changes occur between the 1000 and 1400 W inductive power, especially for the lower pressures. In fact, the thickness of the steadystate film present at a 6 mTorr pressure increases above the 1000 W inductive power, such that it is much thicker than either films existing at 20 or 10 mTorr at the 1400 W inductive power.
The underlying SiF x ''silicon mixing'' or ''damage'' layer thickness is displayed in the bottom panel of Fig. 7 , and shows the maximum values for the intermediate inductive powers within the range of study. The damage thickness is generally greater for the thinner overlying fluorocarbon layers for a specific pressure condition. It is observed that the damage thicknesses are the lowest at 10 mTorr. Figure 8͑a͒ shows the polycrystalline silicon etch yield versus the steady-state fluorocarbon film thickness. Here we see the expected exponential decay in the etch yield with the increasing overlayer film thickness.
3,4 Figure 8͑b͒ shows the steadystate fluorocarbon film thickness observed during silicon etching as a function of the passively deposited fluorocarbon etch yield for the same etching conditions. The steady-state overlayer thickness exhibits an exponential decrease with the increasing fluorocarbon etch yield. When the silicon etch yield is plotted as a function of the passively deposited fluorocarbon etch yield, a very strong correlation is observed between these two parameters as is shown in Fig. 8͑c͒ . This clearly shows that the silicon etch process is directly related to the fluorocarbon polymer etch process within the ICP.
It is interesting at this point to consider the relationship between the steady-state film thickness and selectivity. In Fig. 9 we have plotted the oxide over silicon selectivity ver- sus the corresponding steady-state fluorocarbon film overlayer thickness. For a given steady-state over layer thickness it appears that the highest selectivity is obtained for the highest pressure condition of 20 mTorr. However, due to the high self-etch rate of the fluorocarbon at high pressure, the steadystate over layer cannot attain a thickness as great as what is observed at lower pressures. For a given inductive power and self-bias voltage, the resulting steady-state film thickness is such that the silicon etch yield will be the lowest at the intermediate pressure, and therefore, the oxide to silicon selectivity will be the highest. This suggests that it should be possible to obtain conditions where the oxide over silicon selectivity will be the same for any pressure by choosing the appropriate inductive power and self-bias voltage settings for each pressure condition. Thus, the ICP allows for versatility in terms of processing optimization. From this analysis it is apparent that the silicon etching behavior is directly related to the fluorocarbon self-etching behavior, and that the oxide over silicon selectivity is primarily related to the silicon etching behavior. Thus, the details of the fluorocarbon etching mechanism within the pressure range studied need to be investigated. Figure 10 shows the passive deposition rates, obtained when no rf bias was applied to the substrate, as well as the etch rates of the passively deposited fluorocarbon films, obtained after the Ϫ85 V self-bias was applied to the substrate, at the inductive powers and pressures shown. In fact, the fluorocarbon etch rates are similar to the data shown in Fig.  2͑c͒ . Within the low power regime of the ICP, the fluorocarbon etch rate follows the deposition rate behavior. However, once the high power regime is entered, the fluorocarbon deposition overwhelms the etching process and the etch rates follow an inverse relationship to the increasing inductive power.
E. Passive fluorocarbon deposition and etching
The fluorocarbon etch rate and etch yield data are displayed in Figs. 2͑c͒ and 3͑c͒ , respectively. We see that the fluorocarbon etching behavior is very similar to the silicon etching behavior. This is not unexpected as the silicon etching mechanism is directly related to the overlying fluorocarbon film characteristics. Therefore, it will display an etching behavior that follows the etching behavior of the fluorocarbon. The passively deposited fluorocarbon etch yields are approximately one order of magnitude higher than the silicon etch yields, while the pressure dependence shows the increasing etch rates and yields as a function of the increasing pressure for the high inductive powers. The fact that the etch yields are higher at higher pressures explains why the resulting steady-state film thicknesses are observed to be greater for lower pressures within the inductive regime. The reason that the low pressure films have lower etch yields can be understood in terms of their fluorine deficiency. This will be discussed in further detail in the following section which covers the surface analysis results.
An interesting parameter to consider is the difference between the absolute value of the fluorocarbon deposition rate, and the absolute value of the fluorocarbon etch rate. A careful examination of Fig. 10 suggests that within the high power regime the difference between these two values is the greatest at the intermediate pressure of 10 mTorr where the selectivities are the highest. In Fig. 11 we have plotted the oxide over silicon selectivity versus this parameter for each inductive power setting within the high power regime. For 600 and 1400 W there is clearly a direct correlation between the selectivity and the difference between the measured deposition and measured etch rate. At 1000 W this is not as clear, but the selectivity does increase with the increasing values of the fluorocarbon deposition rate minus the etch rate.
F. XPS analysis of the steady-state films
XPS studies of the etched crystalline silicon surfaces were obtained as outlined in Sec. III B. After fitting the acquired spectra, the data were corrected for the experimental sensitivity as a function of the angle, as well as the relative sensitivity as a function of the electron inelastic mean free path and kinetic energy. In calculating these factors we assumed the sensitivity factor for the fluorine (1s) electrons to be equal to 1. The ''bulk'' and ''surface'' spectra were taken with escape angles of 0°and 75°as measured from the surface normal, respectively. Both the carbon and fluorine surface intensities are considerably higher than the corresponding bulk intensities, indicating that the surface is comprised of a fluorocarbon dominated region. The bulk fluorine intensities show an increase in the intensity with the increasing pressure which reflects the higher degree of fluorination of the overlayer for the higher pressure ͑Fig. 12͒.
The silicon intensities ͑Fig. 13͒ are complicated by two main factors. First of all, etch products must diffuse through the overlayer, and upon termination of the plasma, a percentage of these will remain trapped in the film. Second, the dielectric coupling window is composed of quartz which sputters during the plasma operation due to the capacitive coupling effects. This contributes both the silicon and oxygen to the overlayer. A comparison of the carbon and oxygen spectra shows that the oxygen intensity is approximately one order of magnitude lower than the carbon intensity. Thus, the sputtered quartz contribution to the film comprises less than 10% of the overall film composition. From the elemental silicon intensity it is obvious that the overlayer must be decreasing in thickness as a function of the increasing pressure for the high power ͑1400 W͒ regime. In fact, this is consistent with the film thickness data determined from the ellipsometry fitting as displayed in Fig. 7 . The bulk intensity of the elemental signal at 500 W follows a slight decreasing trend with the pressure. Although the ellipsometry fitting shows the overlayer films to be thicker at a lower pressure, the variations in thickness within this regime are very small. It is therefore possible that the secondary effects such as the reaction layer thickness, may contribute to this decreasing trend at a low inductive power. The ellipsometry data do not conclusively verify that the reaction layer thickness is always greater at a higher pressure either. As these reaction layer thicknesses are less than 1 nm, and are very similar for the comparable experimental parameters, the observed variations are likely to have a considerable contribution from the experimental error. Certainly, the observation that the elemental silicon intensities at 500 W are on the average, 50%-60% higher than those for the 1400 W processing conditions, indicates that the overlayers at 1400 W are thicker than those at 500 W. This also supports the overlayer thickness results obtained from the ellipsometry. Similar trends are also observed for the reacted Si(2p) intensities, however, we see that they are very nearly the same for the low and high inductive power. Only at a low pressure where the fluorocarbon overlayer is the thickest do they show a significant difference. This silicon has two sources as mentioned earlier.
They are the etch products within the intermixing underlayer and the fluorocarbon over layer, and a small percentage of silicon that has been sputtered from the quartz coupling window and has been incorporated into the overlayer. In the low power case we are observing a higher contribution to the overall intensity from the mixed underlayer as the fluorocarbon films are relatively thin. Thus, the bulk and surface signals are nearly identical. The high power reacted silicon intensities derive the majority of their contributions from the thick fluorocarbon overlayer. The fact that these signals are lower than the intensities obtained for the samples processed in the low inductive power regime, indicates that the majority of the reacted silicon resides within the intermixed underlayer. Therefore, the observed increase in the reacted silicon intensity with an increasing pressure at 1400 W also provides evidence that the fluorocarbon overlayer is decreasing in thickness with the increasing pressure in the high power regime. Here we also observe that the bulk intensities are roughly twice the surface intensities, supporting the conclusion that the majority of the reacted silicon resides in the underlayer. Figure 14 shows the fluorine to carbon ratio of the steadystate film on crystalline silicon obtained from the C(1s) XPS spectra. It can be seen that the fluorination of the steady-state film displays a general increase as a function of the increasing pressure from 6 to 10 mTorr and a small decrease from 10 to 20 mTorr. It is also observed that the fluorination of the film decreases with the increasing inductive power. The fact that the surface data yield higher F/C ratios than the bulk data ͑not shown͒, indicates that there is a higher degree of fluorine-carbon bonding near the film surface than at greater depths. The fluorine to silicon ratio, obtained from fitting the Si(2p) spectra, shows a decreasing trend in the degree of fluorine-silicon type bonding as the pressure is increased. This behavior is more pronounced at a high inductive power. Similar to the F/C ratio, we observe that the F/Si ratio is higher in the surface region than at depth. However, we observe that the low power regime yields higher F/C ratios than the high power regime, but lower F/Si ratios than the high power regime. It should be noted as well that roughly 5%- FIG. 13 . Silicon (2p) XPS integrated area intensities for low ͑500 W͒ power and high ͑1400 W͒ power steady-state surface films for crystalline silicon etching. Sampling angle is 0°͑bulk data͒. Si(2p) t : total silicon, Si(2p) cl elemental silicon, Si(2p) re : reacted silicon.
FIG. 14. F/C ratio of the steady-state surface layers obtained from the analysis of C(1s) XPS fitting. Data shown are for both low ͑500 W͒ power and high ͑1400 W͒ power steady-state surface-films present during crystalline silicon etching. Sampling angle is 0°͑bulk data͒.
10% of the reacted carbon and reacted silicon, may be due to bonds with oxygen. Figure 15 shows a direct correlation between the reacted silicon to elemental silicon ratio and the F/C ratio for the surface signals. The bulk signals do not show any clear correlation between these two parameters. The surface signals both display very clearly that there are direct correlations between these two ratios for both the high and low inductive powers, with the low power regime showing a higher sensitivity to changes in the film stoichiometry. This result demonstrates that the fluorination of the silicon surface is related to the fluorine content of the fluorocarbon overlayer, and is consistent with Fig. 8͑c͒ . Results obtained concerning the observed level of Si-C bonding from the fitting of the C(1s) spectra are not displayed. Generally, these data show that Si-C bonding is essentially restricted to the depth regions and found within the mixed underlayer. Because of the thick overlayer films present at a high inductive power, essentially no Si-C bonding is observed at 1400 W, while at 500 W between 9% and 13% of the detected carbon is reacted to silicon within the bulk signal. These results as well support the film thickness trends as determined from ellipsometry fitting. Only at a pressure of 20 mTorr, where the overlayer film is the thinnest, is any significant Si-C bonding observed at a high inductive power. Ellipsometry fitting shows the overlayer to be approximately 4 nm thick for this processing condition, which is a little less than twice the Si(2p) electron mean free path within these types of materials. Thus, for the thicker overlayers that exist at lower pressures, the information depth is roughly the same as the overlayer film thickness, and very little of the mixed underlayer will contribute to the acquired XPS spectra.
G. Argon actinometry results using optical emission spectroscopy "OES…
Argon actinometry results are displayed in Fig. 16 . We observe that the atomic fluorine concentration within the CHF 3 plasma reaches a saturation level as we increase the inductive power. This is very likely due to the presence of hydrogen and its strong affinity for reacting with fluorine. The phenomenon of ''hydrogen scavenging'' 8, [11] [12] [13] in fluorocarbon plasmas where hydrogen is present is a well established mechanism for the reduction of the atomic fluorine concentration. It is also observed that for any given inductive power, the atomic fluorine concentration within the plasma increases with the increasing pressure. However, the percentage of the increase is very small for a pressure increase from 10 to 20 mTorr. Our results show less than a 5% variation in the ͓F͔/͓Ar͔ OES intensity ratio between these two pressure conditions for all measured inductive powers.
H. Selectivity behaviors
Not unexpectedly, we observe that there are very different etching behaviors for SiO 2 on the one hand, and polycrystalline silicon and CF x on the other. From an analysis of these etch rate data it is obvious that the highest selectivity that allows for high SiO 2 etch rates is found at a high inductive power. The plot of the SiO 2 /poly-Si etch rate ratio versus the inductive power and pressure ͑Fig. 6͒ shows that a selectivity of approximately 34 has been achieved at 1400 W and a pressure of 10 mTorr. Figure 8͑a͒ shows that the fluorocarbon overlayer thickness on silicon during etching is the primary factor influencing the silicon etch yield. Thicker films will reduce the rate of etching, however, as the overlayer thickness increases above 5 or 6 nm this influence on the etch yield is diminished. As Fig. 7 shows, the thickest steady-state fluorocarbon overlayers exist at a low pressure and a high inductive power during crystalline silicon etching. For any given pressure, the highest selectivity is always found to occur when the fluorocarbon film on silicon is the thickest. However, the data in Fig. 10 show that the best selectivity is not found for conditions that yield the thickest steady-state fluorocarbon film overall. The effectiveness of the overlayer in suppressing the silicon etching process appears to be the greatest at an intermediate pressure. Although the mechanism behind the enhanced selectivity observed at an intermediate pressure in this study is not clear, several competing processes that either enhance or suppress the silicon etch rate can be identified. Silicon etching requires a source of atomic fluorine, as well as a sufficient energy flux to enable a rapid diffusion of this etching flux to the silicon underlayer. There are two basic sources of atomic fluorine in this process. The first is the atomic fluorine present in the plasma itself. The second is the atomic fluorine liberated within the CF x film as sufficient ion bombardment energy creates the reactive species within this film. What we observe is that at the low inductive powers, the film fluorination is high. However, the ICD in the plasma is very low, and the atomic fluorine in the gas phase is about 30% lower than what is present above inductive powers of 1000 W. Therefore, the steady-state fluorocarbon films are relatively thin ͑3-4 nm͒ and there is little variation in thickness with changes in pressure. Although the overlayer films are thin, the silicon etch rate here is ion flux limited as well as gas phase fluorine limited, and the rates are low. On the other end of the scale, at a high inductive power, the ICD of the plasma is very high and the atomic fluorine appears to be close to a saturation level, however, the fluorination of the steady-state film is low, and therefore maintains a much greater thickness during the etching process. The observed low etch rate at a high inductive power appears to be due to the fact that thick steady-state overlayers are present and defluorinated. Thus, even though the gas phase atomic fluorine concentration is 30% higher than at low inductive power the silicon etch rate is ''fluorine limited'' in that the deficiency of fluorine in the species that comprise the fluorocarbon film, allows for it to maintain a thick carbon rich steady-state overlayer, and a larger percentage of the etching flux must be consumed by the overlayer in order for the steady-state conditions to exist. Intermediate powers will yield films with enough fluorination to maintain relatively thin steady-state overlayers in the presence of a nearly saturated atomic fluorine concentration and a sufficient ion flux such that the fluorocarbon etch rate is maximized, and therefore, the silicon etch rate is maximized as well. Thus, the highest selectivities are achieved at a high inductive power where the silicon dioxide etch rates are the highest, and the silicon etch rates are low. Although the mechanism behind the enhanced selectivity observed at an intermediate pressure for this study is not clear, it is possibly a function of several competing processes that are taking place in terms of either enhancing or suppressing the protective ability of the overlayer film in inhibiting the diffusion of atomic fluorine to the silicon surface. At a high pressure, the film is fluorine rich and therefore remains relatively thin which effectively decreases the protective ability of the film. At a low pressure, the film is fluorine deficient and therefore can maintain a greater steady-state thickness. However, the ion flux is the highest in this case and therefore the energy flux is high which can provide a greater degree of agitation of the fluorocarbon overlayer, thus enhancing the fluorine diffusivity and thereby reducing the protective ability of the film. At an intermediate pressure of 10 mTorr these two competing factors appear to be balanced in such a way as to provide for the most protective conditions in terms of suppressing the silicon etch rate. At the present time, more experiments are needed in order to prove or disprove this hypothesis. Therefore, the unambiguous determination of the mechanism for this pressure dependence remains as a challenge for future efforts.
IV. CONCLUSIONS
A direct correlation exists between the average ion F/C ratio, and the silicon dioxide etch yield as a function of the pressure and inductive power. This indicates that for a selfbias voltage of Ϫ85 V the etching mechanism within the ICP is one of reactive sputtering. There is no direct correlation observed between this parameter and the silicon etch yield. The silicon etching process in the ICP is more complex than that of silicon dioxide, as it is directly linked to the fluorocarbon film deposition and etch characteristics. It appears that the silicon etch process can be influenced by a variety of secondary effects that are presently in need of further investigation. The selective etching of silicon dioxide over silicon using CHF 3 in the ICP, to first order, depends on the steadystate fluorocarbon overlayer thickness. This thickness is directly related to the fluorocarbon deposition and etch properties, which are in themselves a product of the plasma neutral and ionic species stoichiometries. During the etching process, increasing the pressure will yield a film with higher fluorination, while the effect of the increasing inductive power is to reduce the fluorination. It has been well established that silicon etching in a fluorocarbon plasma involves the diffusion of reactive and volatile species through a fluorocarbon steady-state surface layer.
Variations in the pressure during the etching of silicon have shown an interesting etch rate dependence which allows for the optimization of the selectivity. The mechanism behind this observed behavior appears to be very complex and is still in need of further study. However, it has been shown that the key to its understanding lies in the etching behavior of the fluorocarbon overlayer. For any given overlayer thickness, it appears that the highest oxide/silicon selectivity will be attained at the highest pressure. However, for a given set of inductive power and self-bias conditions, an intermediate pressure will yield the highest selectivity. It is suggested that this may be due to a tradeoff between the effects of film fluorination, resulting in thinner films at high pressure, and ion enhanced diffusion if atomic fluorine in the presence of thicker films at low pressure. We have shown that infinite selectivities can be achieved at a low inductive power and pressures above 15 mTorr, however, the SiO 2 etch rates are quite low for these conditions.
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